Introduction
Thyroglobulin (Tg), 1 the precursor of the thyroid hormones triiodothyronine and thyroxine, derives from thyroid epithelial cells. Tg is mainly stored in thyroid follicle lumina, but is not restricted to the thyroid gland because it is also found in the circulation (1) (2) (3) . Transepithelial vesicular transport (transcytosis) mediates passage of intact Tg from its storage compartment into the circulation (4) (5) (6) . Clearance of Tg from the circulation occurs within the liver by endocytosis in Kupffer cells, i.e., macrophages (7) . Internalization of Tg is accompanied by the proteolytic release of thyroid hormones from their precursor molecule (8) . The biological significance of this extrathyroidal hormone release by macrophages might consist in paracrine interactions, e.g., with hepatocytes. Indeed, when hepatocytes and macrophages in coculture were incubated with Tg, the macrophages released thyroid hormones from their precursor molecule Tg, thereby stimulating the hepatocellular metabolism (7) .
Because the level of Tg circulating in the blood is low (9-11), binding proteins for Tg must exist on macrophages to enable its specific recognition. However, so far no information exists on the nature of such Tg-binding proteins. Binding of Tg to the cell surface of thyroid epithelial cells is mediated by lowaffinity receptors, which are saturated at high concentrations of Tg, i.e., 20 M Tg (12). The putative receptor protein has a molecular mass of 46 kD, and exhibits a positive ligand cooperativity. Since Tg is known to carry mannose-6-phosphate moieties, it was assumed that the Tg-binding protein of thyrocytes might be identical to the cation-dependent mannose-6-phosphate receptor. However, further experiments showed that the 46-kD Tg-binding protein differed from the cationdependent mannose-6-phosphate receptor (12). Another Tg-binding protein on thyroid epithelial cells is the so-called thyroid lectin (13) , which is believed to mediate uptake of low-iodinated Tg molecules from the lumina of thyroid follicles (14) . The thyroid lectin recognizes Tg molecules exposing N -acetylglucosamin in the terminal position of the N -linked glycans of Tg (13) . It is believed to recycle low-iodinated Tg molecules via the Golgi apparatus to the apical plasma membrane, where Tg becomes available for iodination by the thyroid peroxidase and is released into the lumen of thyroid follicles (14) .
Here we have analyzed the interaction of Tg with J774 cells with the aim to identify Tg-binding proteins on macrophages. By affinity chromatography, we have shown that Tg was recognized by two binding proteins on the cell surface of J774 macrophages. Unexpectedly, the Tg-binding proteins were identified as histone H1. We consider our findings physiologically relevant in that they explain uptake of circulating Tg by liver macrophages, which has been shown to result in the extra-thyroidal release of thyroid hormones (8) and in the subsequent paracrine stimulation of the hepatocellular metabolism (7) .
Methods

Cell culture
The murine macrophage-like cell line J774 A.1 (15) was obtained from American Type Culture Collection (Rockville, MD) and grown at 37 Њ C and 5% CO 2 in DMEM (Bio-Whittaker, Serva, Heidelberg, Germany) supplemented with 10% heat-inactivated FCS, 100 IU/ml penicillin G, 0.1 mg/ml streptomycin, and 0.5 g/ml amphothericin B.
Isolation and purification of Tg
Bovine thyroid glands were obtained from the local slaughterhouse, and were cut into small fragments. All of the following steps were performed at 4 Њ C. For isolation of Tg, the tissue fragments were homogenized (Polytron™; Kinematica GmbH, Kriens, Switzerland) in PBS supplemented with protease inhibitors (1 mM N -␣ -p-tosyl-L -arginine methyl ester, 0.5 mM PMSF, 1 g/ml antipain, 1 g/ml pepstatin, 4 g/ml aprotinin). After centrifugation (30 min at 22,000 g ; Beckman Instruments, Inc., Fullerton, CA), the supernatant was subjected to fractionated ammonium sulfate precipitation (35% for 2 h and 45% overnight). The Tg fraction (45%) was dialyzed against 50 mM TrisCl, pH 7.4, and was further purified by anion-exchange chromatography using a MonoQ HR 5/5 column in a fast protein liquid chromatography device (Pharmacia LKB Biotechnology, Uppsala, Sweden). After elution with a linear NaCl gradient, the Tg fractions (0.4-0.8 M NaCl) were pooled and desalted (EconoPac™ 10DG; Bio-Rad Laboratories, Hercules, CA). 
In vitro fluorochromation of Tg
In vitro iodination of Tg
Production of polyclonal antibodies
Purified Tg was used to raise polyclonal antibodies (8) in rabbits according to standard protocols. Titers were 1:16 using 900 g/ml Tg as an antigen in Ouchterlony analysis. Dilution (1:200) of the serum recognized 1 ng Tg in dot blots. The antibodies have been characterized previously (8) .
Protein assay
Protein concentrations were determined according to Bradford (17) . Lyophilized Tg or BSA were used as standards.
Fluorescence microscopy of Tg binding and internalization by J774 cells
Cells were grown on glass coverslides. For Tg binding, the macrophages were incubated for 30 min with DMEM supplemented with 200 nM Tg and fixed in methanol and acetone (each for 8 min, Ϫ 20 Њ C). After washing, cells were blocked with human IgG and ovalbumin before immunolabeling with rabbit anti-Tg and DTAF goat anti-rabbit Fab fragments of IgG (Dianova, Hamburg, Germany). For internalization of Tg, cells were incubated for 60 min with DMEM supplemented with 200 nM DTAF-Tg and fixed with 3% paraformaldehyde in PBS for 60 min. After washing and extraction with 0.5% Triton X-100 in PBS, the cortical F-actin system underneath the plasma membrane was labeled with 33 nM tetramethylrhodaminyl-isothiocyanate (TRITC)-coupled phalloidin.
Fluorescence microscopy of histone H1
For immunolabeling of histone H1 at the plasma membrane, J774 cells were fixed with 8% paraformaldehyde in 200 mM Hepes for 30 min, and were further treated for cryosectioning or immunolabeled without Triton X-100 treatment. After blocking (see above), cells or cryosections were immunolabeled with monoclonal anti-histone H1 antibodies (clone 5F3, see below; or clone AE-4; Leinco Technologies, Inc., Ballwin, MO; distributed by Biotrend, Köln, Germany) and FITC coupled to sheep anti-mouse F(ab Ј ) 2 -fragments (Sigma Chemical Co., St. Louis, MO).
Injection experiments and immunolabeling of liver cryosections
1 mg FITC-labeled bovine Tg dissolved in PBS was injected into mice via the vena cava inferior. After 12 min of incubation, mice were bled by opening the aorta descendens. Prewarmed PBS supplemented with heparin and 3% formaldehyde in 200 mM Hepes were perfused via the vena porta. The livers were dissected and postfixed with 8% formaldehyde in 200 mM Hepes, infiltrated with 2.3 M sucrose as a cryoprotectant, and frozen in liquid propane. As controls, livers from noninjected mice were prepared as described above. Sections were prepared with a cryotome (Reichert-Jung, Wien, Austria) at Ϫ 50 Њ C , and were mounted on microscope slides. Blocking was performed with human immunoglobulin G (Dianova, Hamburg, Germany) and ovalbumin. Cryosections were immunolabeled with anti-histone H1 monoclonal (clone AE-4; Leinco) and polyclonal (Fitzgerald Inds. Intl., Chelmsford, MA) antibodies and TRITC coupled to goat antimouse and donkey anti-sheep F(ab Ј ) 2 -fragments (Dianova).
Microscopy and documentation
Cells were mounted on microscope slides and viewed with a fluorescence microscope (Carl Zeiss, Inc., Oberkochen, Germany) equipped with filter sets suitable for double fluorescence. Cryosections or cells were also viewed with a confocal laser scanning microscope (TCS 4D; Leica, Bensheim, Germany) using an argon/krypton mixed-gas laser with excitation wavelengths of 488 and 568 nm. Scans at a resolution of 1024 ϫ 1024 pixels and a pinhole setting of about 50 were taken in the line averaging mode. Micrographs were taken on Kodak TMax™ and EPY 64 T films™ (Eastman Kodak Co., Rochester, NY), or on Ilford Pan F films using a hardcopy device (Fokus Graphics, Oberau, Germany).
Affinity chromatographic analysis of Tg-binding proteins on J774 cells
All steps were performed at 4 Њ C using a SMART™ system (Pharmacia Biotech, Inc., Uppsala, Sweden).
Coupling of Tg to N-hydroxysuccinimide (NHS)-activated superose. 100 pmol (66 g) of purified Tg was coupled to N -hydroxysuccinimide-activated superose (PC 3.2/2; Pharmacia Biotech, Inc.) according to the standard protocol of the manufacturer. The same protocol was used to couple ethylamine to a control column. In brief, the superose matrices were activated with 6 vol of coupling buffer (0.1 M NaHCO 3 , 0.5 mM NaCl, pH 8.3). Purified Tg (100 pmol) in coupling buffer was loaded onto the superose matrices and allowed to bind for 4 h. Nonbound ligands were removed by washing with 6 vol each of deactivating solution (1 M ethylamine, pH 8.0) and washing solution (0.1 M Na-acetate, 0.5 M NaCl, pH 5.0). After reequilibration in deactivating solution, the columns were incubated with ethylamine for 1 h and repeatedly washed with deactivating and washing solution to ensure complete blockage of free NHS groups. After washing with running buffer (50 mM Tris-Cl, 150 mM NaCl, 1 mM Na 2 EDTA, 0.5% sucrose monolaurate, 0.03% NaN 3 , pH 7.4), affinity matrices were stored at 4 Њ C. Lysates from cell surface biotinylated or nonbiotinylated cells were loaded onto the Tg affinity column or onto the ethylamine control column at a flow rate of 100 l/min. Unbound proteins were removed by washing with 10 vol of lysis buffer (see above). Bound proteins were eluted with lysis buffer containing 2 M NaCl, monitored at 254 and 280 nm, collected in fractions of 100 l, and further analyzed by SDS-PAGE and blotting.
Affinity chromatography on heparin-sepharose. Lysates from cell surface-biotinylated cells were loaded onto HiTrap-heparin columns (Pharmacia Biotech, Inc.) and washed with 10 vol of lysis buffer followed by elution using a linear gradient of 0.15-2 M NaCl over 4 ml. Fractions of 100 l were collected and further analyzed by SDS-PAGE and blotting.
Peptide N-glycosidase F (PNGase F) digestion. Eluates from the Tg affinity column were used either directly or after denaturation with SDS (0.5%, 5 min, 100 Њ C), followed by the addition of 3% N -octylglucoside. Incubation with 40 U PNGase F (Boehringer Mannheim GmbH, Mannheim, Germany) per l of eluates was for 12 h at 37 Њ C (pH 7.3) according to Tarentino et al. (18) . Control incubations were performed identically but without adding PNGase F. Samples were then analyzed by SDS-PAGE and blotting.
SDS-PAGE and blotting
Samples were diluted in sample buffer (10 mM Tris/HCl [pH 7.6], 0.5% SDS, 25 mM DTT, 10% glycerol, 10 g/ml bromophenolblue) and boiled for 3 min. Standard molecular mass markers for silverstained gels were from Sigma Chemical Co. (Deisenhofen, Germany), and for Western blots rainbow marker kits (Amersham Buchler, Braunschweig, Germany) or biotinylated molecular mass markers (Sigma Chemical Co.) were used.
Samples were analyzed with a horizontal electrophoresis device (Pharmacia Biotech., Inc.) using gradient SDS-polyacrylamide gels (8-18%; 19) . After electrophoresis, the gels were either fixed and silver-stained (20) , or proteins were transferred to nitrocellulose (Schleicher & Schüll, Inc., Dassel, Germany) by Western blotting (21) using a semidry blotting chamber (Bio-Rad Laboratories). Unspecific binding sites were saturated in a solution containing 6% casein, 1% polyvinylpyrrolidon 40, and 10 mM EDTA in low-salt PBS (68 mM NaCl, 63 mM Na 2 HPO 4 , 12 mM NaH 2 PO 4 , pH 6.8). For detection of the biotin label, streptavidin coupled to HRP diluted in blocking solution was used. For immunological recognition of histone H1, monoclonal antibodies against histone H1 and secondary antibodies coupled to HRP (Dianova) were used. Monoclonal anti-histone H1 antibodies (clone AE-4) were from Fitzgerald Inds. Intl. (Chelmsford, MA). Monoclonal antibodies recognizing the highly conserved peptide sequence SGSFK at the COOH-terminal end of the globular core region of histone H1 (clone 5F3) were kindly provided by Drs. A. Steuernagel, B. Belgardt, and U. Grossbach (Göttin-gen, Germany). Streptavidin blots were developed in chloronaphthol as a substrate (21) or, as were immunoblots, by enhanced chemiluminescence. Documentation was on X-OMAT™ AR films (Eastman Kodak Co., Rochester, NY), which were further scanned using a transmitted light scanner (Hewlett-Packard, Palo Alto, CA) and documented on Ilford PanF films using a hardcopy device (see above).
Sequencing
Eluates from Tg affinity columns were separated on 8-18% SDS gels, and separated proteins were Coomassie-stained. Gel bands corresponding to the putative Tg binding proteins were dissected and cleaved in gel with Endoproteinase LysC (Boehringer Mannheim, Tutzing, Germany; 22). The generated peptides were eluted from the gel using extractions with 10% formic acid and with 100% acetonitrile. The eluates were combined, evaporated to dryness, redissolved in 3% formic acid, and subjected to reversed phase on a Superspher 60 RP Select B™ column (Merck, Darmstadt, Germany). Solvent A (0.1% trifluoroacetic acid in water) and solvent B (0.1% trifluoroacetic acid in acetonitrile) were used. A gradient was developed from 0-60% B in 60 min. Flow rate was 300 l/min. The peptides were detected by UV absorption at 206 nm. Peptide-containing fractions were collected and subjected to NH 2 -terminal amino acid sequence analysis using an ABI 492A amino acid sequencer (PE Applied Biosystems, Weiterstadt, Germany) according to the instructions of the manufacturer.
Extraction of histone H1 from J774 cells
For histone H1 extraction, the method of Johns (23) was used. Cells were washed and lysed before pelleting of the nuclei (10 min, 1,000 g ). Thereafter, nuclei were subjected to 5% HClO 4 and extracted at 4 Њ C for 30 min. Extracts were cleared by centrifugation (10 min, 14,000 g ), and histone H1 was precipitated with 20% TCA for 2 h at 4 Њ C. Precipitates were collected by centrifugation (20 min, 14,000 g ), and were repeatedly washed with ice-cold acetone. Pellets were then air-dried in an evaporating chamber to remove acetone, and were stored at Ϫ 20 Њ C or boiled in sample buffer. The purity of such preparations was proven by SDS-PAGE and immunoblotting (not shown).
Interaction of Tg and histone H1 in vitro
The in vitro interaction between histone H1 extracted from J774 cells and Tg was analyzed by surface plasmon resonance using a BIAcore™ 2000 system (Biacore AB, Uppsala, Sweden). Tg was immobilized to CM5 sensor chips at a flow rate of 5 l/min. Activation was for 12 min with a mixture (vol/vol) of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and NHS. Coupling of 50 g/ml Tg was for 12 s in 20 mM formic acid at pH 3.5 to a total of 550 response units (RU) followed by saturation with 1 M ethylamine for 12 min. After washing with HBS and a 2-min pulse of glycine at pH 3.0, the flow cell was equilibrated with HBS and PBS (pH 7.4). Analysis of the in vitro interaction of histone H1 with immobilized Tg was at a flow rate of 30 l/min in PBS (pH 7.4). The Tg-loaded flow cell was equilibrated for 2 min before injection of histone H1 at various concentrations for 1 min. Dissociation phases of ‫ف‬ 4 min were followed by regeneration with 10 mM HCl for 1 min and equilibration for 2.5 min. Recorded sensorgrams were evaluated with the BIA evaluation program (Biacore AB, version 3.0), and maximum RU during the association phases were plotted against the concentration of histone H1 using standard software (Microcal Origin 4.00; Microcal Software, Inc., Northampton, MA). The dissociation constants K d were read out at half-maximum of binding as indicated in the plot.
Competition of plasma proteins with the in vitro interaction between histone H1 and Tg was analyzed by coinjection of 500 nM histone H1 and 5 nM to 500 M of orosomucoid, fetuin, ␥ -globulins, transferrin, or heparin into the Tg-loaded flow cell. The running protocol, recording, and evaluation of sensorgrams was as described above. Binding of histone H1 alone was taken as 100%, and competition of plasma proteins coinjected with histone H1 was calculated as a percentage of histone H1 binding. ) were incubated in suspension for 60 min at 4 Њ C with gentle agitation. Nonspecific binding was determined in the presence of 2 mg/ml nonradioactive Tg. Analysis was performed in duplicates. The cells were washed in PBS containing 1% BSA (five times, 100 g for 2 min). Final cell pellets were counted, and the amount of bound Tg was calculated and normalized using the DNA content as a measure of cell numbers.
Quantitation of Tg binding and internalization
Saturation and scatchard plot analysis. Measurements were analyzed according to Rosenthal (24) , Bylund and Yamamura (25) , and Marquardt (26) 
DNA content
Cell suspensions or the pellets from lysate clearing were used to determine the number of cells by measuring the DNA content (27) .
Results
Isolation of Tg-binding proteins by affinity chromatography.
J774 macrophages were incubated with Tg at various temperatures, fixed, and further processed for fluorescence microscopy. After incubation with Tg at 4ЊC and immunolabeling, a patched staining pattern was observed along the entire cell surface and at the filopodia of J774 macrophages (Fig. 1 a) . Upon incubation of the macrophages with DTAF-labeled Tg for 60 min at 37ЊC, numerous fluorescent vesicles were detected ( Fig.  1 b, green) . The results indicated that Tg was bound to the plasma membrane of J774 macrophages at 4ЊC, and was internalized when incubations were done at 37ЊC. Because binding and endocytosis occurred at Tg concentrations as low as 30 nM, the presence of a Tg-binding protein at the cell surface of J774 macrophages was assumed.
To test this hypothesis by affinity chromatography, Tg was immobilized on a superose column, and ethylamine-superose matrices were used as controls. Lysates of J774 cells were passed over the columns, and elution with high salt revealed several proteins that bound to the Tg affinity column (Fig. 2,  lane 3) . As compared with the protein pattern of cell lysates (Fig. 2, lane 1) , two proteins with an apparent molecular mass of ‫ف‬ 33 kD were highly enriched in the eluates of the Tg affinity column (lane 3). These proteins were not eluted from control columns (Fig. 2, lane 2) , indicating their avidity to Tg. The electrophoretic mobility of the two protein bands enriched in the eluates from Tg affinity columns was the same in SDS gels run under reducing or nonreducing conditions (not shown), indicating that they were not linked by disulfide bonds.
To investigate whether these two proteins were localized at the plasma membrane, J774 macrophages were cell surfacebiotinylated at 4ЊC before cell lysis and analysis by affinity chromatography. Biotinylation was omitted in control experiments. The eluates from the Tg affinity column were separated on SDS-gels, and were silver-stained or transferred to nitrocellulose (Fig. 3) . When the blots were probed with peroxidaselabeled streptavidin, two Tg-binding proteins were identified as plasma membrane constituents (Fig. 3, lane 4) . They had the same electrophoretic mobility as the two proteins enriched in the nonbiotinylated control eluates from the affinity column (Fig. 3, compare lane 2 with lane 1) . Digestion of the eluates from the Tg affinity column with PNGase F did not increase their electrophoretic mobility (Fig. 3, lane 5) , suggesting that the two Tg-binding proteins were not N-glycosylated. In addition, blots from eluates of the Tg-affinity column were probed with a glycoprotein detection kit, demonstrating that the Tgbinding proteins were not glycosylated (not shown).
The results demonstrated that two proteins present at the plasma membrane of J774 cells bound to immobilized Tg, and thus were likely candidates for Tg-binding proteins (TgBPa and TgBPb as indicated in Fig. 3) .
Identification of TgBPs as histone H1. Eluates of the Tg affinity column were concentrated by ultrafiltration, separated on SDS gels, and blotted onto PVDF membranes to identify the TgBPs. Edman degradation of the two protein bands representing TgBP a or b did not result in any signal, indicating that the NH 2 termini of both proteins were blocked. Therefore, TgBP a and b were dissected from Coomassie-stained SDS gels and digested with endoproteinase Lys-C. Resulting peptides were eluted with TFA and separated by reversedphase chromatography. Edman degradation of two peptides derived from TgBPa resulted in identification of the sequences ASGPPVSELITK and ALAAAGYDVE. Both sequences were identical to regions within the highly conserved globular domains of mouse histones H1.1 and H1.5, rat histone H1.2, or human histones H1C and H1D (Fig. 4) .
Histone H1 has a molecular mass of 22 kD, which clearly contrasted with the apparent molecular mass of ‫ف‬ 33 kD for TgBP a and b. Because of its positively charged amino acids, histone H1 has a slower electrophoretic mobility on SDS gels than expected, resulting in bands slightly above the 30-kD molecular mass marker (28) . Hence, from the sequencing experiments we concluded that TgBPa is identical to histone H1.
Two monoclonal antibodies against histone H1, i.e., clones 5F3 and AE-4, were used for immunolabeling experiments. The monoclonal antibody AE-4 stained nuclei in cryosections from J774 cells (Fig. 5, a and aЈ) as was expected, because histone H1 is a nuclear antigen. In addition, a weak immunoreaction of AE-4 with the cell surface was also observed (Fig. 5 aЈ,  arrowheads) . To verify the labeling of histone H1 at the cell surface, cells were fixed and immunolabeled without further Triton X-100 treatment. The monoclonal antibody AE-4 recognized patches on the cell surface (Fig. 5, b and bЈ) , suggesting the presence of cell surface-associated histone H1 in nonpermabilized cells. Similar results were obtained when the monoclonal antibody 5F3 recognizing a highly conserved peptide sequence within the globular domain of most H1 histones was used for immunolabeling nonpermeabilized J774 cells (not shown). Furthermore, histone H1 was heavily labeled with the antibody AE-4 in condensed, and therefore most probably apoptotic, cells (Fig. 5, asterisks in c, cЈ and cЈЈ) and at the cell surface of their direct neighbors (Fig. 5, arrowhead in cЈЈ) . This result suggested that dead cells released histone H1, which in a secondary event associated with the cell surface of neighboring cells. The staining of patches of cell surface-associated histone H1 (Fig. 5 bЈ) was similar to the staining pattern observed after incubation of the cells with Tg (cf. Fig. 1 a) , indicating that the binding of Tg and histone H1 at the plasma membrane of J774 cells was similar. The results suggested that histone H1 at the cell surface of J774 macrophages served as a binding protein for Tg.
In vitro interaction of histone H1 with Tg. Since histone H1 at the cell surface of J774 macrophages was assumed as a binding protein for Tg, the interaction of both proteins was analyzed in vitro by means of surface plasmon resonance. Rapid association and dissociation was observed when histone H1 extracted from J774 cells interacted with immobilized Tg (Fig.  6 a) . When the maximum responses during the association phases were plotted against the concentration of free histone H1, a saturation kinetic was detected (Fig. 6 b) . The results indicated that histone H1 and Tg interacted in vitro with a dissociation constant in the nanomolar range, i.e., 4.6 ϫ 10 Ϫ8 M. Solutions containing saturating amounts of histone H1, i.e., 500 nM, supplemented with increasing amounts of fetuin, ␥-globulins, heparin, orosomucoid, or transferrin as competitors for histone H1 were analyzed by surface plasmon resonance to determine the specificity of histone H1 binding to immobilized Tg. Molar ratios of 0.01-1,000 between competing proteins and histone H1 were analyzed. When transferrin or orosomucoid were used as competitors, no inhibition of histone H1 binding to immobilized Tg was observed (Fig. 7,  squares) . Fetuin or ␥-globulins competed with histone H1 binding to Tg, however, inhibition did not exceed 65% (not were stained with the monoclonal anti-histone H1 antibody AE-4 (aЈ, bЈ, and cЈЈ) or polyclonal antibodies against J774 plasma membrane proteins (cЈ) and DTAF-labeled secondary antibodies. Histone H1 was detected within the nuclei of J774 cells (aЈ), as was expected. In addition, cell surface-associated histone H1 was weakly stained in cryosections (arrowheads in aЈ). The cell surfaces (arrowheads in bЈ and cЈЈ) and condensed cells (asterisks in c to cЈЈ) were strongly stained with anti-histone H1 antibodies when fixed cells were immunolabeled without further permeabilization. Histone H1 was associated with the cell surface of J774 macrophages in a patched pattern (bЈ). Bars, 10 m. shown). In contrast, when heparin was used as a competitor for histone H1 binding to immobilized Tg, increasing amounts of inhibition were observed with a maximum of ‫ف‬ 90% inhibition at molar ratios of 1-1,000 between heparin and histone H1 (Fig. 7, circles) . The results demonstrated that the in vitro binding of histone H1 to immobilized Tg was specific. In addition, heparin was shown to compete efficiently with the in vitro interaction of histone H1 and Tg.
Heparin is an effective inhibitor of Tg binding to the surface of J774 macrophages.
Because it is known that heparin interacts with histone H1, and because it competed with the in vitro interaction of histone H1 and Tg (see above), we assumed heparin to be an effective inhibitor of Tg endocytosis by J774 macrophages. To verify the interaction of heparin with histone H1 at the cell surface of macrophages, lysates of cell surface-biotinylated J774 cells were passed over heparin columns. The eluted fractions were transferred to nitrocellulose, and blots were probed with HRP-streptavidin to visualize cell surface proteins that bound to heparin (Fig. 8 a) . Two biotinylated protein bands with an apparent molecular mass of ‫ف‬ 33 kD were eluted from the heparin column with 1.13-1.25 M NaCl (Fig. 8 a) . These two proteins were identified as histone H1 by immunoblotting (Fig. 8 b) , indicating that cell surface-associated histone H1 from J774 macrophages interacts in vitro with heparin. To test whether heparin influences the interaction of Tg with histone H1 in vivo, J774 cells were incubated with radioiodinated Tg at 4ЊC, and with increasing amounts of heparin in the incubation media. Cell-bound radioactivity was reduced to 50% of control values (100%) by adding 10 nM heparin to the incubation media (Fig. 8 c) . The molar ratio of heparin and Tg needed to achieve 50% inhibiton of Tg binding was 1:10. When increasing the ratio of heparin to Tg, inhibition slightly increased, however, it did not exceed 60% inhibition of Tg binding to J774 cells (Fig. 8 c) . The results indicated that heparin serves as an inhibitor of Tg binding to J774 cells by interfering with the interaction between Tg and the TgBP histone H1.
Characterization of Tg binding to J774 cells. To characterize Tg binding, J774 cells were incubated with radioiodinated Tg with or without 3 M nonradioactive Tg at 4ЊC. In the absence of nonradioactive Tg, the amount of cell-bound [ 125 I]Tg increased with increasing amounts of free Tg exhibiting a saturation kinetic (Fig. 9 a, open circles, broken line) . In the presence of nonradioactive Tg , the cell-bound radioactivity was lower, and increased in a linear manner (Fig. 9 a, triangles, unbroken line) . The specific binding of [ 125 I]Tg to the surface of J774 cells was calculated (Fig. 9 b) by subtracting nonspecific binding (Fig. 9 a, triangles) from total binding (Fig. 9 a, open  circles) . Saturation of specific Tg binding to J774 cells was reached at values of ‫ف‬ 100 nM Tg (Fig. 9 b) . Rosenthal-Scatchard plot analysis revealed a dissociation constant of ‫ف‬ 5 ϫ 10 Ϫ8 M with 5,700 functional binding sites per cell (Fig. 9 c) . The results indicated the existence of a limited amount of Tgbinding sites present on the surface of J774 cells.
Internalization of radioiodinated Tg at 37ЊC was inhibited by adding increasing amounts of unlabeled Tg to the incuba- tion media (not shown). Similarly, preincubation of J774 cells with Tg in pulse-chase experiments diminished the amount of internalized Tg by ‫ف‬ 40% after 50 min of chase (Fig. 10) . Up to 260 min of chase, the amount of internalized Tg increased again; however, it did not reach control values (Fig. 10) . The results indicated that binding sites for Tg were rapidly removed from the cell surface during internalization of Tg. Binding sites for Tg were not recycled within 4 h.
These findings implied that binding of Tg to histone H1 is stable at acidic pH, i.e., after internalization within early endocytic compartments. To test this prediction, J774 cells were incubated with radioiodinated Tg at various pH values in the incubation media. Tg binding to the surface of J774 cells was stable at pH values ranging from 6.5 to 7.5, and was even stronger at pH values below 6.5 (not shown). Similarly, binding of histone H1 to Tg affinity columns was stable at acidic pH values (not shown). Since the isoelectric points of Tg and histone H1 are 4.5 and 8.4, respectively, it can be assumed that both proteins were oppositely charged within physiological pH ranges. Thus, the results suggested that the binding of Tg as a ligand for H1 is brought about by ionic interactions.
Colocalization of internalized Tg with histone H1 in mouse liver macrophages. The findings on J774 cells suggested that histone H1 at the cell surface of macrophages mediated internalization of Tg, and therefore should be present in Tg-containing endocytic compartments of macrophages. To test this prediction in vivo, FITC-labeled Tg was injected into mice, and cryosections of livers from noninjected or injected animals were immunolabeled with anti-histone H1 antibodies.
Immunolabeling of cryosections from livers of noninjected animals with anti-histone H1 antibodies visualized nuclear histone H1 in all liver cells and vesicular histone H1 mainly in macrophages (Fig. 11 b, red) . In addition, a weak immunoreactivity was observed at the cell surface of liver macrophages (Fig. 11 b, red, arrowhead) .
The injected FITC-Tg accumulated within vesicles of macrophages, indicating that Kupffer cells of the liver mediated endocytosis of circulating Tg (Fig. 11 d, green) . For identification of Tg-internalizing cells as liver macrophages, see Brix et al., 1997 (7). Immunolabeling with anti-histone H1 antibod- ies revealed staining of vesicular histone H1 colocalizing with FITC-Tg-containing vesicles (Fig. 11 e, yellow as a result of overlapping red histone H1 signals and green FITC-Tg signals), and that of nuclear histone H1 (Fig. 11 e, red) . Controls performed by omitting primary anti-histone H1 antibodies were negative (Fig. 11 d, green signals are derived from FITC-Tg), demonstrating the specificity of anti-histone H1 antibodies.
These results suggested that histone H1 is not restricted to nuclear compartments of liver cells, rather, that histone H1 is also found colocalized with the internalized FITC-Tg within endocytic vesicles of liver macrophages, supporting the notion that histone H1 indeed mediated internalization of Tg by macrophages in vivo. Identification of histone H1 as a Tg-binding protein on the cell surface of macrophages was unexpected because histones are considered to be restricted to nuclear locations. Within the nuclei, histone H1 is located in the interior of the 30-nm chromatin fibers (29) . Whereas the core histones H2A, H2B, H3, and H4 form the nucleosomes, histone H1 shows a more peripheral localization, and together with histone H5 is often referred to as the linker histone (30, 31) . The nuclear function of histone H1 comprises not only structural features, but also implies a specific function for histone H1 in regulating gene expression (32) (33) (34) (35) . Histone H1 shows an enormous microheterogeneity of subtypes (33, 36-42) and different degrees of posttranslational modifications (43) such as phosphorylation, resulting in a multiple banding pattern on SDS gels (34, 43) . The sequencing data of the Tg-binding protein on J774 cells do not allow us to predict precisely the subtype of histone H1. The sequences of the upper band of the Tg-binding protein (TgBPa)-derived peptides were, however, identical in the overlapping region with the histone variants H1.1 and H1.5. Immunologically, nuclear and cell surface-bound histone H1 in J774 cells were indistinguishable. The source of histone H1 that reaches the plasma membrane of J774 cells is still unknown (see below).
Discussion
Cell surface localization of histones. A common theme of eukaryotic cells is the targeting of a given protein to a specific compartment within the cell. However, evidence is accumulating that some proteins have multicompartmentalized isoforms (44, 45) . One prominent example is Mac-2, a nuclear transcription factor of colon epithelial and HeLa cells, which has another function: Mac-2 is a well-characterized cell surface receptor of leukocytes (45) (46) (47) . Similarly, nuclear transcription factors with homeodomains become secreted before being taken up by neighboring cells where they affect gene transcription in a paracrine fashion (48) . Besides these examples, it became obvious in the past that the core histones H2A, H2B, H3, and H4 are frequently detected at the cell surface of leukocytes or endothelial cells (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) . The question on how histones reach the plasma membrane and how they are anchored at the cell surface remains a matter of debate. Several authors have forwarded the idea that the histones derived from dead cells during cell culture, which were then bound to receptors at the cell surface or complexed to one another (53, 56, 57, 59, 60) . As yet, histone H1 was not described at the cell surface of leukocytes. However, the heparin-binding proteins HSBP1A and HSBP1B at the plasma membrane of human lung carcinoma cells were similar to histones H2A and H2B, and most importantly, a doublet with a molecular mass of 32 kD, i.e., the heparin-binding proteins HSBP2A and HSBP2B (55) , show similarities to histone H1. Here we have described the binding of Tg to histone H1 at the cell surface of mouse macrophages and the interaction of heparin with histone H1. In addition, heparin proved to be a potent inhibitor of Tg binding to J774 cells, thus supporting the view that it is indeed histone H1 that is the binding protein for Tg at the cell surface.
Biological implications of histones on the cell surface. The proposed functions of histones and other nuclear material at the plasma membrane of leukocytes reaches from a protective role against perforin-mediated cell lysis (56) to a function in the removal of nuclear material from the extracellular spaces at sites of inflammation or cell death (57) . Obviously, nucleosomes or DNA and other nuclear material bind to various proteins on the cell surface of leukocytes (61-66), i.e., receptors with apparent molecular masses of 30 kD (61, 65) . Disorders in the removal of nuclear material from extracellular spaces might lead to induction of autoimmune diseases such as systemic Lupus erythematosus (SLE), where autoantibodies against nuclear material are frequently found (57, 67) . Such disorders in the removal of nuclear material might arise because of the dysfunctioning or absence of the respective DNA receptors on leukocytes (57, 65, 68) . Antibodies against histones might cause this dysfunctioning of the DNA receptors (68) , indicating the importance of histones for binding nuclear material to leukocytes. Besides a further and direct role of histones in the induction of inflammation and tissue damage in Lupus nephritis (69) , involvement of MHC class II presentation of peptides derived from histones was shown to induce Lupus in mice (67, 70) , suggesting internalization and proteolytic processing of histones in antigen-presenting leukocytes. Autoantibodies against histones in autoimmune diseases such as SLE or axonal neuropathy comprise not only antibodies against the core histones (71), but also those against the linker histone H1 (72, 73) .
In addition to its function as a Tg-binding protein, histone H1 might also function in endocytosis, since binding sites were rapidly removed from the cell surface of J774 macrophages, and because histone H1 was detected immunologically within Tg-containing endocytic compartments of mouse liver macrophages. Thus, internalization of the receptor ligand complexes might result in their proteolytic breakdown within endocytic compartments of the macrophages. As a result, presentation of histone H1 and Tg breakdown products at the plasma membrane of macrophages is conceivable. Proteolytic cleavage of Tg by J774 cells results in rapid liberation of thyroid hormones from the prohormone Tg (8) . In this respect, a case report may be of specific interest, because not only antiTg autoantibodies, but also anti-T3 autoantibodies were observed in a patient suffering from SLE (74) .
In conclusion, histone H1 on the cell surface of macrophages serves as a binding protein for Tg internalization. This process provides an explanation for the extrathyroidal release of thyroid hormones by macrophages (8) , and the subsequent initiation of paracrine interactions between macrophages and hepatocytes (7) .
